Abstract: This study concerns the power supply in parallel of 2 Permanent Magnet Synchronous Machines (PMSM) with the same inverter, in order to reduce the mass of embedded systems. This operation requires information from the two machines to ensure the stability of the system. Today several solutions address this objective, but about to improve energy efficiency it is important to develop new algorithms. The classical approach is based on a master-slave procedure where the current is controlled only in a master machine and the slave machine is simply connected in parallel. This solution guarantees stability but losses are not minimal. Predictive control applied to this configuration helps to ensure the stability of the system and gives the possibility to reduce Joule losses. In this way 3 predictive control laws are proposed by setting appropriated criteria. The first law uses the concept of master-slave machine, the second is defined with a criterion taking into account the two machines and the third uses the concept of virtual vectors which leads to an implementation of Space-Vector Pulse Width Modulation (SV-PWM). Results are compared in terms of dynamic performances and losses. The algorithms are tested on an experimental low-power test-bench.
I. INTRODUCTION
Today the Permanent Magnet Synchronous Machine (PMSM) is a high performance actuator used both for its dynamic performances and for its energy performances [19] . Therefore, this machine is preferentially used in the field of aeronautics. Overall, for embedded systems, it appears today other specific needs for actuators working in cooperation, i.e. when 2 or more actuators are combined to achieve the same objective. This is the case, for example, of the flaps on the aircraft wings to do a synchronized development of flight surfaces, even when both load torques are different. This is also the case for braking applications, using different actuators distributed and synchronized to a common goal. So, as soon as it concerns the association of several actuators for a same function, it seems reasonable to limit the number of static converters embedded, in order to reduce the weight and volume of the system. This is the context of our work, which considers two PMSM supplied from the same three-phase voltage inverter.
The intensive use of the synchronous machine as an actuator is also related to the autopilot operation, ensuring a rigid link between the rotation frequency and rotation speed [19] . This procedure uses a position encoder and ensures the stability of the machine even under sudden torque impacts. Unlike asynchronous machines, parallel connected synchronous machines can present stability problems, since only one machine can be auto-piloted at a time. One solution, protected by a patent [1] , [3] , has already been found. It is a strategy type Master-Slave to define at each moment the machine which will be controlled (Master machine), while the second is just connected in parallel (Slave). If the stability is guaranteed, then it can be interesting to consider the question of energy efficiency and performance of this solution. Indeed, when a single machine is considered, the degrees of freedom of the power inverter allow imposing any desired torque by reducing the consumed current [16] . It is difficult to maintain this property when the inverter feeds two machines, and losses can become important. Therefore, the deal is to search control laws ensuring the stability of the two machines, in order to reduce the energy consumption. The solution is found, based in a compromise because supply voltages provided by the power inverter cannot be optimal for both machines at the same time, if their load torques are different. In this work we will work with a particular control type, which is the Finite Control SetModel Predictive Control (FCS-MPC). The predictive control is based on a prediction model providing the currents evolution on the d-q axes, for all possible combinations of the inverter switches [10] . The best combination, evaluated using a criterion, is then retained and applied during the next sampling period. The criterion constitutes an arbitration to choose one alternative among all candidate solutions. It is on the choice of the criterion where we have focused our efforts, by comparing different possibilities, taking into account this particular system containing two machines. Three control laws (CL), which considers three different criteria, will be evaluated and compared:
> CL1: only the master machine (chosen from stability considerations) is evaluated in the cost function. The best the sum of the squares of d-q current errors. > CL2: one criterion is used for both machines, containing the sum of the squares of both, d-axis and q-axis current errors for both machines.
> CL3: based in the CL2 method, but the selected vector is used as a basis to consider a finite number of virtual vectors which will be evaluated to minimize the criterion. The selected voltage vector is applied via a SV-PWM technique.
In section II the FCS-MPC method is presented for only one PMSM. Section III develops the model for the complete considered system (2 PMSM connected in parallel). Also the details of the three compared control criteria are given. In section IV it is presented the test procedure for the comparison process. Section V shows experimental results and the three control laws are then compared in terms of quality of response and Joule losses. The quality of the response is evaluated through the squared error of (d,q) axes currents.
II. FCS-MPC FOR ONE PMSM
The FCS-MPC introduced several years ago, is very well adapted to conversion energy devices, as static converters [13] , [19] . We consider here the PMSM powered by a three phase inverter represented in figure 1. In this paper we consider a non-salient pole PMSM through a speed control application. To select the most appropriate vector, an optimal control problem must be solved after definition of a criterion of satisfaction. The voltage vector minimizing this criterion should then be chosen to be applied. The predictive model must be the most accurate possible to predict the future behavior of the system when applying a control combination of the inverter [7] .
A. Model of PMSM (Permanent Magnet Synchronous
Machine)
Considering that the magnetic circuit operates in linear regime, the electromotive force is sinusoidal and the magnetic losses and the cogging torque are negligible. Equations of the electrical machine in the d-q frame are expressed as follows:
With:
and Ψ q represent, respectively, the voltages and stator currents, synchronous inductance and flux in the d-q axes. Ψ f is the flux generated by the permanent magnets, R s the stator resistance, ω e = n p .ω r (where ω r is the rotor speed) and n p the number of pole pairs. The electromagnetic torque is given by equation (5), and the speed by equation (6).
J represents the inertia of the rotor, f the coefficient of viscous friction, T L the load torque and θ r the rotor position.
With a low switching period we can consider that during that period the speed remains constant. In this case, the discrete model of the synchronous machine can be expressed as presented in equation (8), where T s represents a sampling time:
Thus the prediction of the torque can be achieved by (9):
B. Three-phase inverter model
A 2-level 3-phase inverter is used to feed the machine. The mathematical model is given by equation (10) .
where
represents the switches states,
In fixed (α,β) reference frame, stator voltages are represented by equation (12) , while in (d,q) reference, they are represented by equation (13):
Where R(k) represents the rotation matrix between (α,β) to (d,q) frames. 
III. TWO PMSM CONNECTED IN PARALLEL TO ONE INVERTER
The structure is represented in figure 2. There are 2 speed loops, one for each of the machines with a common reference speed ωref = ωr1 = ωr2 since the machines must turn at the same speed. Two PI speed regulators provide the reference torque for each machine, which also depend on the load torque. The control configuration applied to the inverter is unique and built taking into account the data of the two machines to obtain the desired speed, while ensuring the stability of the whole system.
The voltages at the terminals of the two machines are identical in the (α,β) reference frame and the currents prediction in the machines is given by the following relationships:
The voltages at the terminals of the machines in the (d,q) reference can be calculated by (15):
Where 1, 2 ( ) represent the electrical angles associated with the positions of each rotor machine. Here, we consider that these two information are measurable and delivered by position sensors. Depending on the chosen control law, the cost function is calculated differently.
Since it is a non-salient pole machine, we impose i dref = 0. So, the choice of the control configuration S x (x = A,B,C) minimizing the cost function, allows imposing the torque while minimizing losses, because the current on the axis d will be the minimum (0). In addition, this control ensures the stability of the synchronous machine [10] . For each criterion (g), predictions are marked by the exponent "p" CL1:
For this control law, first master and slave machines must be identified. To ensure the stability of the system, it is necessary to control the machine with the highest mechanical load angle. So, to determine the master machine, the electrical positions 1 , 2 must be compared. The machine that has the smallest value of this angle will be the master machine [3] . Then, for this master machine, the best control vector is obtained by analyzing the following cost function for all the possible inverter configurations.
CL2
For this control law the two machines are considered identically and the cost function is evaluated by considering currents on the d and q axis for both machines:
CL3:
The selected cost function is the same as in CL2 (eq.17). In addition, the obtained control vector serves as a base to look for a better virtual voltage vector, situated in one of the two adjacent sectors of this base solution, which will lead to a lower value of the cost function [16] . That implies using virtual vectors, which will be defined in a finite number, in order to reduce the computational cost of the algorithm. These virtual vectors are characterized by spaced angular positions of ∆α=10°, and step amplitudes of ∆V=10 V from 0 to V max (E/√3) ( Figure 3 ). The research of the best vector consists on a systematic sweep of solutions starting from the evaluation of the cost function for the 7 different control vectors representing the real states of the converter. The vector corresponding to the lower value of the cost function will be chosen (V 2 in figure 3) . In a second step, several virtual vectors defined in the two adjacent sectors of the chosen vector, will be evaluated in the cost function. These vectors will be spaced of ∆α=10°. That will allow us to determine the angle of the optimum vector to be applied. Next step is calculating the amplitude of this vector. So, virtual vectors, with the same angle than the calculated in the last step, but with different amplitudes, will be tested in the cost function. These last vectors will be spaced of ∆V=10 V from 0 to V max . The three steps of this algorithm are represented in Figure 4 . The total number of vectors to be evaluated in the cost function is 6 in the first step, 10 in the second (5 virtual vectors per sector of 60°) and 30 in the last step, if E=300V. The total number is 6+10+30=46 vectors, which is a relative low number of calculations for the obtained precision. For an equivalent precision in the cost function, and considering directly virtual vectors spaced in the whole control region of the converter, a higher number of calculations must be realized. It can be noted that, in the case of control laws CL1 and CL2, the switching frequency is variable. The commutations are realized when necessary, after each evaluation of the cost function. Meanwhile, control laws CL3 use a modulation technique in order to apply several converter configurations during the same control period. In CL3 method, the calculated virtual vector must be reconstructed from two real control vectors of the converter. In order to make comparisons of the simulation results, the sampling frequency is set to 20 kHz for all the methods, which will correspond to the modulation frequency for method CL3. Better results are expected for control laws working at constant switching frequency, since the others (CL1 to CL2) should be evaluated at higher frequencies (≈ 50 kHz) in order to obtain equivalent precision. 
IV. TEST PROCEDURE
The different control laws will be compared under a particular load torque profile (figure 5). The comparison is based in two indicators, evaluated over the complete time horizon. The first is used to evaluate the dynamic performance of the control (18) and the second to characterize losses by Joule effect (19) , only in the machines. 
Power converter losses are not considered since only the energy efficiency in the PMSM is studied. ISE stands for Integral of Squared Error. 
V. EXPERIMENTATION PROCESS
The experimental test bench, shown in Fig. 6 , includes a system with two PMSM (PMSM1 and PMSM2) connected in parallel to the same inverter. Each motor (800 W) is coupled to its own linear actuator ball screw driven (axis 1 and axis 2) and drives its own slide (slide 1 and slide 2). A third machine (load motor) produces a controlled torque and drives a third slide. This slide is rigidly connected to the slide 1, so that the torque variation can be only applied to PMSM1. From these experimental results, we can conclude that model predictive control is an interesting and powerful solution for the management of the synchronous machines connected in parallel on the same inverter. The observed behavior depends strongly on the selected cost function. Table III summarizes the results of the 3 control laws giving the numerical values of the indicators. We find that the law of command CL3 guarantees a very good control of the speeds for both machines (the ISE indicator is minimal).″Master-slave″ control solution (CL1) is relatively satisfactory with regard to the ISE test, but presents larger losses (more than 2 times the minimum losses). This is due to the fact that the control law chooses a machine for the torque control (machine master) and the second machine (slave machine) is still stable but its torque is not directly controlled, so that its d-axis current is no minimal and causes additional losses. CL3 is better from the point of view of ISE and LossesD, but since switching losses in the inverter are not considered here, this affirmation must remain cautious. The improvement of CL3 is mainly due to the creation of additional virtual vectors. The control law CL2 shows high values for the two indicators, with a high ISE test and the highest losses. In this case, the decision criterion takes into account the two components of the currents (d and q), so the selected inverter configuration is the result of a compromise for both machines. None of the two reference torques are guaranteed as minimal, leading to higher ISE error and losses. The consideration of virtual vectors is therefore very effective, allowing building the most suitable voltage vector to minimize the test. The criterion can be still minimized by choosing many more virtual vectors, which will lengthen the procedure for the election of the best control vector. The algorithm proposed in CL3 is a good compromise for the quality of the system response (low current ripple, high dynamic response) and the computation effort required to evaluate the algorithm.
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VI. CONCLUSION
Setting two synchronous machines in parallel connected to the same inverter reduces the embedded electronics, and so weight and volume are also reduced. However this power structure shows a stability problem as well as low efficiency of the energy conversion. For this purpose, the predictive control offers various solutions, with control laws acting on predetermined indicators. Three different control laws have been tested, minimizing different cost functions in order to improve the energy efficiency. The voltage inverter gives, at each moment, a voltage (amplitude and phase) which may not be optimal for each of the machines and therefore this opens the way for the optimization. In this sense, a control law using a finite number of virtual vectors, allows the system reaching a minimum of the cost function lower than with classical algorithms. This method still allows reducing the value of the criterion in choosing a higher number of virtual vectors which will increase the calculation time. This solution has the characteristics of a PWM control and the dynamic performances of the predictive control. This is a good compromise for our system. Additional studies are ongoing to take into account losses in the inverter.
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